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A brief survey is given on the current status of evaluating thermal production of photons
from a strongly interacting medium. Emphasis is put on recent progress in assessing
equilibrium emission rates in both hadronic and quark-gluon matter. We also give an
update on the status of comparing theoretical calculations with experimental data from
heavy-ion collisions at the SPS, as well as prospects for RHIC. Finally, applications of
photon rate calculations to colorsuperconducting quark matter are discussed.
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1. Introduction
Electromagnetic probes have a long and extremely successful history as valuable
agents of the structure of strongly interacting objects. Many collective phenomena
in atomic nuclei have been discovered through gamma ray spectroscopy, and, at
much higher energies, deep inelastic scattering of electrons has lead to establishing
quarks as the elementary building blocks of the nucleon, and is still being intensely
used at Jefferson Laboratory to explore its nonperturbative structure. Furthermore,
the emission of photons and dileptons has provided key insights into the dynamical
environments created in heavy-ion collisions (see, e.g., Refs. 1,2 for early works
and Refs. 3,4,5,6,7 for extensive recent reviews). Here one hopes to infer properties
of transient stages of highly excited matter such as its temperature or in-medium
modifications of its underlying degrees of freedom. In this Brief Review we will focus
on the role of thermal photons in probing hot and dense strongly interacting matter,
with emphasis on recent developments rather than a complete account as has been
given elsewhere5.
Emission rate calculations provide key input for the identification of thermal
radiation from both compact stars and high-energy heavy-ion collisions, and thus
for the search of new states of matter in these systems. Whereas for stars, due to
their macroscopic dimension, essentially all emitted photons are of a (quasi-) ther-
1
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mal origin, this is not the case for heavy-ion collisions. Corresponding transverse-
momentum (qt) spectra of direct photons, i.e., those that are not due to final-state
hadron decays, can be roughly decomposed into the following regimes: at sufficiently
high qt, prompt photons from initial nucleon-nucleon (N -N) collisions prevail, due
to a characteristic power-law dependence on qt, calculable in perturbative Quan-
tum Chromodynamics (pQCD). Towards lower qt, radiation from a hot and dense
medium is expected to take over. The high-qt part of the thermal spectrum will
be most sensitive to the hottest phases of the produced medium, whereas at low
qt hadron gas (HG) emission is likely to dominate
a. To unfold the various compo-
nents in the spectra a reliable calculation of the thermal emission rates from both
the QGP and HG is mandatory, which furthermore need to be convoluted over the
space-time evolution of the matter (affecting both yield and slope of the thermal
components in different ways). The emission rates are also of interest in their own
right, as they, in principle, encode information on the elementary excitations and
their in-medium properties in the respective phaseb.
The article is organized as follows. In Sect. 2 we present the current status of
evaluating thermal emission rates from both hadronic and QGP phases, highlighting
recent achievements. The latter include a complete leading-order result for the QGP
(Sect. 2.1), and new production channels within flavor-SU(3) in the HG (Sect. 2.2).
In Sect. 3 we turn to applications of model calculations to ultrarelativistic heavy-ion
collisions (URHICs). We first give a brief account of nonthermal sources (Sect. 3.1),
as well as of hydrodynamical simulations which are the natural space-time frame-
work over which to convolute thermal rates. This is followed by comparisons of
up-to-date calculations to (very) recent data from the Super-Proton-Synchrotron
(SPS) at CERN and the Relativistic Heavy-Ion Collider (RHIC) at BNL, as well
as possible interpretations thereof, and future prospects (Sec. 3.2). In Sect. 4 we
discuss evaluations of thermal photon emissivities from colorsuperconducting quark
matter at high densities and low temperatures, which could have some bearing on
astrophysical contexts of supernovae or compact stars. We finish with concluding
remarks in Sect. 5.
2. Thermal Photon Emission Rates
Commonly employed formalisms to calculate electromagnetic (e.m.) emission spec-
tra from a thermal medium are finite-temperature field theory and kinetic theory.
To leading order (LO) in the e.m. coupling, αem, the field-theoretic expression for
the emission rate per unit 4-volume, R, can be cast into the form
q0
dRγ
d3q
= −αem
pi2
fB(q0;T ) ImΠ
T
em(q0 = q;T ) . (1)
aThere is also a contribution from a ”pre-equilibrium” phase during which re-interactions have
not yet thermalized the matter.
bEven though dilepton invariant-mass spectra allow a more direct access to in-medium vector-
spectral densities, it should be emphasized that photons and dileptons are intimately related.
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It is exact in the strong interactions which are encoded in the e.m. current-current
correlation function (or photon selfenergy), Πem (for real photons, i.e., at invariant
mass M2=q20 − q2=0, only transverse polarizations contribute). In kinetic theory,
the rate for a process of type 1+2→3+γ reads
q0
dRγ
d3q
=
∫
(
3∏
i=1
d3pi
2(2pi)3Ei
)(2pi)4δ(4)(p1+p2−p3−q) |M|2 f(E1)f(E2)[1± f(E3)]
2(2pi)3
(2)
which is convenient if pertinent scattering amplitudes, M, are evaluated in a per-
turbative expansion. Nonperturbative (model) calculations at low and intermediate
energies, on the other hand, are more amenable to the correlator formulation, Eq.(1).
In the hadronic medium, e.g., Πem can be directly related to vector-meson spectral
functions within the vector dominance model (VDM).
2.1. Quark-Gluon Plasma
First perturbative calculations of the photon production rate from an equilibrated
QGP at zero net baryon density (i.e., at quark chemical potential µq=0) have
been performed by several groups starting more than 20 years ago2,8. It was soon
realized9 that forward infrared singularities require resummed thermal propagators
for the exchanged partons. For the simplest scattering diagrams depicted in the
upper left panel of Fig. 1, the pertinent result, for large values of x = q0/T and two
massless quark flavors (u and d), can be written as10,11
q0
dRγ
d3q
=
5
9
ααS
2pi2
T 2e−x ln
(
1 +
2.912
4piαs
x
)
(3)
(an additive “1” has been introduced in the argument of the logarithm to enable
extrapolation to small x10). As noticed in Ref. 12 (see also Ref. 13), Eq. (3) does
not yet comprise the full result to leading order in the strong coupling constant αs.
Due to collinear singularities, Bremsstrahlung as well as pair annihilation graphs
(cf. lower left panel of Fig. 1) contribute at the same order as the resummed 2→2
processes. The full result, which also necessitates the incorporation of Landau-
Pomeranchuk-Migdal (LPM) interference effects, has been computed in Ref. 14
as
q0
dRγ
d3q
=
5
9
ααS
2pi2
T 2fF (x)
[
ln(
√
3
g
) +
1
2
ln(2x) + C22(x) + Cbrems(x) + Cann(x)
]
, (4)
with convenient parameterizations of the 3 functions C given by14
C22(x) =
0.041
x
− 0.3615 + 1.01e−1.35x (5)
Cbrems(x) + Cann(x) = 0.633x
−1.5 ln (12.28 + 1/x) +
0.154x
(1 + x/16.27)0.5
. (6)
The right panel of Fig. 1 shows the individual contributions to the photon pro-
duction rate corresponding to Eq. (4) (multiplied by an extra phase space fac-
tor 4piq2). In the for phenomenological applications interesting range (x∼>4) the
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Fig. 1. Left panel: leading-order diagrams for photon production from a QGP, taken from Ref. 14
(upper panel: 2→2 scattering; lower panel: Bremsstrahlung and pair annihilation); right panel:
pertinent contributions to the photon production rate (multiplied by a phase space factor 4piq2)
in a complete LO calculation with αs=0.214.
Bremsstrahlung and pair annihilation processes augment the rate from 2→2 scat-
tering by about a factor of 2 (see also right panel of Fig. 3 below).
Photon production from a QGP at finite net quark density (µq>0) has been
investigated for the tree-level diagrams in the upper left panel in Fig. 1 including
resummed parton propagators in Ref. 15. To a good approximation, the net effect
can be represented by replacing the factor T 2 in Eq. (3) by (T 2+µ2q/pi
2). Even under
conditions for heavy-ion collisions at the SPS, where QGP formation at relatively
high baryon density is conceivable, with (µq, T ) ≃ (100, 200) MeV, the µ2q term
amounts to a rather moderate correction (less than 5%).
In the not too far future one hopes to obtain nonperturbative information on
photon production from a thermal QCD medium from first principles via QCD lat-
tice calculations. At the moment, these calculations are available for the e.m. cor-
relation function at finite invariant mass M16, i.e., for dilepton production. In the
limit of small masses one presently finds a less singular behavior than expected from
perturbative calculations employing hard-thermal-loop resummation techniques17,
implying a significant suppression of photon production rates. More definite con-
clusions have to await the use of larger lattices to improve infrared sensitivities of
the simulations.
2.2. Hadronic Matter
The study of thermal photon radiation from a hadronic gas is usually carried out
within effective Lagrangians. Constraints on the interaction vertices can, to a certain
extent, be imposed by symmetry principles (e.g., e.m. gauge and chiral invariance),
and coupling constants are estimated by adjustment to measured decay branchings
in the vacuum. Thus, for the temperature ranges relevant to practical applications,
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Fig. 2. Thermal photon production from inclusive piρ → piγ processes at the 2-loop level; left
panel: comparison of the rates (as taken from Ref. 20) obtained from a pi-ρ gas10 (dashed lines)
and piρa1 gas within either the MYM19 (dotted lines) or the HLS framework20 (solid lines);
all calculations are without hadronic formfactors; right panel: piρa1 system within HLS21 with
(dashed lines) and without (solid lines) inclusion of hadronic vertex formfactors.
T=100-200 MeV, the predicted emission rates are inevitably beset with significant
uncertainties, and therefore a careful judgment of the latter becomes mandatory.
Investigations along these lines were initiated in Ref. 10, where the photon self-
energy has been computed to 2-loop order for a mesonic system consisting of sharp
(zero width) pi-, η- and ρ-mesons (plus direct ω → pi0γ decays). The important pro-
cesses were identified as pipi → ργ at low energy (q0∼<0.5 GeV) and pipi → ργ at ener-
gies above ∼0.8 GeV (both proceeding via one-pion-exchange and a contact graph),
as well as ω decays around q0≃0.5 GeV. It was also noted that effects of hadronic
vertex formfactors could significantly affect the emission rates especially at high en-
ergies. In Ref. 18 it was pointed out that piρ→ piγ scattering via a1(1260) resonance
formation (or, equivalently, a1 → piγ decay) constitutes an important contribution.
This was followed up by a systematic treatment19 of an interacting piρa1 system
to 2-loop order within the Massive Yang-Mills (MYM) framework of introducing
axial-/vector mesons into a chiral Lagrangian, and, later, within the Hidden-Local
Symmetry (HLS) approach20. A compilation of rates from the piρ → piγ channel
is shown in the left panel of Fig. 2. The larger results of the MYM calculation as
compared to the HLS one can be traced back to a significantly larger a1 → piγ decay
branching (which, in fact, overestimates the empirical value). Indeed, a recent MYM
calculation21 with a smaller Γa1→piγ is consistent with the previous HLS one, cf.
right panel of Fig. 2. One should remark, however, that a consistent and accurate
vacuum phenomenology of the piρa1 system (including radiative and hadronic a1
decays, as well as the D/S ratio for the latter) has not been achieved yet. Also
illustrated in the right panel of Fig. 2 is the impact of hadronic formfactors21. As
anticipated, a substantial reduction of the rate is found, reaching a factor 3-4 in the
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Fig. 3. Left panel: thermal photon production channels in hot and dense hadronic matter21 under
conditions resembling URHICs at SPS energy; right panel: total hadronic emission rates (sum of
”in-med HG” [solid line] and perturbative mesonic channels [dashed line]) compared to QGP ones
(either the Born rate, Eq. (3), or the complete leading order one, Eq. (4)).
2-3 GeV range, which should be included in quantitative analyses.
Photon production from strangeness bearing mesons and baryonic matter has
been studied in Ref. 21. Within a HLS approach extended to flavor-SU(3), K-
and K∗-induced reactions contribute at the 40-50% level of the piρa1 gas
21, cf. left
panel of Fig. 3 (see also Ref. 22). Baryonic processes have been extracted from
an in-medium ρ-meson spectral function23 via Eq. (1), being quantitatively con-
strained by photoabsorption cross sections on nuclei24. Under conditions resem-
bling A-A collisions at the SPS, they constitute the dominant source of photons
below q0≃1 GeV. Similar conclusions were reached in the chiral reduction formula
framework25, whereas in Ref. 26 baryonic contributions were found to be negligible
for net-baryon free matter (note that the photon selfenergy depends on the sum
of baryon and antibaryon densities which are not very different at SPS and RHIC
energies). A surprisingly large photon yield has been identified in Ref. 21 as being
due to ω t-channel exchange in piρ → piγ, rendering it the single most important
process for energies beyond 2 GeV, after proper incorporation of hadronic formfac-
tors (dash-dotted line in the left panel of Fig. 3). This result has been challenged in
a recent comment27, where, however, no hadronic formfactors were accounted for.
The impact of in-medium modified hadron properties has been studied in
Refs. 29,30 in terms of reduced axial-/vector meson masses28, leading to an increase
of photon rates by up to a factor ∼10 close to Tc. In Ref. 20 it has been argued
within the HLS approach that in-medium coupling constants should also decrease,
which resulted in a small net change compared to the vacuum rates. Many-body
effects on in-medium vector spectral functions are automatically incorporated when
carrying the correlator to the photon point (solid lines in Fig. 3).
Finally, we compare in the right panel of Fig. 3 QGP with HG emission: in
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the expected phase transition region, the top-down extrapolated partonic rates (es-
pecially for the complete LO case) are very close to the bottom-up extrapolated
hadronic ones, quite reminiscent to earlier results for thermal dilepton rates3.
3. Current Status of Heavy-Ion Phenomenology
To evaluate the role of thermal photon radiation in high-energy heavy-ion collisions,
an assessment of competing sources in the experimental spectra is required. Since
final-state hadron decays (most notably pi0, η → γγ) are routinely removed from the
measured spectra, the remaining nonthermal sources are essentially due to primary
N -N collisions and subsequent early evolution phases during which the matter has
not yet thermalized. We will briefly discuss these sources in the following Section
before turning to the discussion of currently available data.
3.1. Non-Thermal Sources
Photons produced in hard (primary) N -N collisions (so-called ”prompt” photons)
are calculable from perturbative QCD at sufficiently large transverse momentum
(where they are also expected to be most relevant, due to their power-law type
spectra). Invoking the QCD factorization theorem, the photon-producing processes
are in principle the same as in the QGP (recall left panel of Fig. 1), but now convo-
luted over the parton distribution functions (PDF’s) of the incoming hadrons. An
additional component is due to Bremsstrahlung processes in the fragmentation of a
hard scattered parton, where the corresponding fragmentation function is not under
good control yet32,7. Nevertheless, a satisfactory description of prompt photon data
in p-p collisions is possible, without having to introduce an intrinsic kt broadening
in the nucleon PDF’s. In p-A collisions, additional nuclear effects occur, most no-
tably the Cronin effect (also known as nuclear kt-broadening) and shadowing of the
PDF’s. Whereas the former is most relevant (and experimentally well established)
at fixed target energies (
√
sNN≤50 GeV), the latter is likely to become increasingly
important at high energies and forward rapidities, i.e., low at x (as assessed, e.g.,
in recent calculations employing gluon saturation ideas34,35). Indeed, at SPS en-
ergies (
√
s≤ 20 GeV) the Cronin effect for prompt photons has been estimated to
be rather significant36,37, whereas for central rapidities at RHIC neither nuclear
broadening nor shadowing appear to be particularly prominent.
The second nonthermal source in the early phases of URHICs is generically
called the ”pre-equilibrium” contribution which is theoretically rather difficult to
evaluate. In both hadronic and partonic frameworks one key quantity is the forma-
tion time, either for building up hadronic wave functions, or for the thermalization
of the QGP. The uncertainty of pre-thermal yields also pertains to their depen-
dence on (transverse) momentum, as one does not expect (hadronic or partonic)
modes to thermalize beyond a certain regime in pt (as borne out of hadronic spec-
tra at RHIC (see, e.g., Ref. 31), especially their azimuthal asymmetries). One way
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to study the pre-equilibrium phase is by using parton cascade (or transport) simula-
tions in connection with pQCD cross section (and quark fragmentation) for photon
production38,39. The main problem in this framework is that many-body effects,
e.g., quantum interference (LPM suppression) or color screening (required for in-
frared regularization), are not easily implemented in a controlled way. This can, in
principle, be improved within a quantum-field theoretical real-time formulation of
an evolving partonic phase, as has been pursued in Ref. 40. Here, one of the chal-
lenges is a realistic description of the bulk space-time dynamics of the expanding
system, starting from the incoming nuclei.
Another conceivable nonthermal contribution can arise from hard partons prop-
agating through the QGP41, via either jet-photon conversion (gluon Compton scat-
tering or anti-/quark annihilation) or Bremsstrahlung off a quark. Generally speak-
ing, all three pre-/off-equilibrium contributions mentioned above lead to quite ap-
preciable photon yields, as compared to thermal estimates, at momenta relevant for
QGP radiation (cf. the following section).
3.2. Comparison to Data and Interpretations
With photons being emitted throughout the evolution of a heavy-ion collision, a real-
istic description of the latter is an important ingredient for determining the thermal
yield, especially if one studies sensitivities to the early (QGP) phases. One possibil-
ity are transport calculations evaluating photon producing reactions on a process
by process basis. The implementation of thermal production rates as discussed in
Sect. 2 is, however, most appropriately done in the context of hydrodynamic simu-
lations, which are formulated in the same variables as the rates (temperature and
chemical potentials for conserved charges). The main inputs for relativistic hydro-
dynamics are (i) the total initial energy and its spatial profile (according to, e.g.,
participant or primary-collision densities in the transverse plane), (ii) the initial
3-volume usually specified by the thermalization time τ0 as V0 = τ0∆ypiR
2
t (Rt:
transverse radius of the nuclear overlap for a given collision centrality), and, (iii)
the equation of state governing the subsequent expansion, ideally taken from first
principle lattice QCD (or in terms of suitable approximations thereof, e.g., quasi-
particle QGP plus resonance hadron gas, matched via a latent heat at the transi-
tion). With the total initial energy being largely constrained by the finally observed
hadron multiplicities (or transverse energy), the key parameter in determining the
QGP contribution is the thermalization time τ0, which directly converts into an ini-
tial temperature (note, however, that non-boost-invariant initial conditions in the
longitudinal coordinate induce significant uncertainties in this relation, cf. Ref. 42).
The hydrodynamic equations are solved on a space-time grid, and the thermal pho-
ton yield is straightforwardly obtained by multiplying the emission rate with the
space-time (eigen-) volume of each unit cell at given local temperature and density.
An early measurement of photons in URHICs was performed by the WA80 col-
laboration in S(200AGeV)-Au collisions at the SPS, resulting in upper limits on the
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Fig. 4. Direct photon spectra as measured by WA9846,47 in central Pb(158 AGeV)+Pb collisions
at the SPS. Left panel: hydrodynamic calculations of thermal photon spectra42 (including both
QGP and HG emission) assuming various initial conditions (dotted and dash-dotted line: boost
invariant for τ0=1 and 0.3 fm/c, respectively; long-dashed and solid line: non-boost invariant longi-
tudinal flow distributions with average initial temperatures of T¯0≃215 and 255 MeV, respectively);
right panel: expanding thermal fireball calculations with average initial temperature T¯0≃205 MeV,
supplemented with an initial pQCD yield that includes nuclear kt-broadening21.
direct photon yield43. The theoretical consensus was that in these reactions initial
temperatures in excess of 250 MeV could be excluded44,45. The successor experi-
ment WA98 succeeded in obtaining a nonzero signal resulting in the direct-photon
qt-spectra
46 as shown in Fig. 4. In the left panel, the data are compared to hydrody-
namic calculations42 which include both QGP and hadronic phase with a transition
at Tc=165 MeV, employing complete leading order emission rates in the QGP
14 and
a HG rate based on pipi → ργ and piρ → piγ according to Refs. 10,18 (including pi
and s-channel a1 exchanges). The comparison of different initial states (non-/boost
invariant, with formation times of 0.3 and 1.0 fm/c) indicates that a satisfactory
description of the WA98 in terms of thermal radiation (without contributions from
primary N -N collisions) requires rather large initial temperatures Tmax0 ≃330 MeV
(translating into T¯0≃260 MeV when averaged over the transverse plane), render-
ing the QGP radiation the dominant source (similar results have been obtained in
Ref. 48). These conclusions are not significantly altered if the primordial pQCD
yield is added in terms of N -N collision-scaled spectra from p-p collisions. The sit-
uation changes if the latter contribution is augmented by accounting for the Cronin
effect, cf. right panel of Fig. 4. With a rather moderate nuclear kt-broadening, the
initial pQCD yield increases by about a factor of 2-3 in the qt=2-4 GeV range,
and thus turns out to saturate the experimental spectra for qt>2.5 GeV. Conse-
quently, the role of the thermal yield, which has been modeled in a more simplistic
thermal fireball evolution, is diminished. With the same underlying QGP emission
rates as in the hydrodynamic calculation (but a more complete description of the
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hadronic rates21) the data are compatible with significantly smaller (average) initial
temperatures of T¯0≃205 MeV (corresponding to τ0≃1 fm/c), rendering the QGP
contribution subdominant in the relevant range qt≤2.5 GeV. In fact, this can also
be expected to hold for the hydrodynamic calculations.
A rather dramatic addition to the WA98 data has recently been provided at
low transverse momenta (qt=100-300 MeV, labeled ”new” in the right panel of
Fig. 4), extracted via γ-γ HBT interferometry techniques47 (which automatically
eliminate late hadron decays, most notably pi0, η → γγ). The default thermal
calculations underestimate these data by a rather substantial margin. Some im-
provement arises when including soft pipi → pipiγ Bremsstrahlung, via S-wave pipi
interactions49 (which are suppressed at higher qt). Additional hadronic processes
with large yields are not easily conceivable. Increasing the fireball lifetime by, e.g.,
30%, implying lower thermal freezeout temperatures Tfo≃90 MeV (to be compared
to standard values of ∼ 110MeV), increases the thermal contribution at low qt by
about the same fraction. This raises the exciting possibility that one is observ-
ing substantial in-medium modifications, e.g., a reduced ”σ”-mass in the S-wave
pipi interaction. A possibly related phenomenon may have been observed in pi- and
γ-induced 2pi production experiments off ground state nuclei50,51,52,53. The mea-
sured invariant-mass distributions in the scalar-isoscalar channel exhibit appreciable
shifts of strength towards the 2-pion threshold when going from hydrogen to heavy
nuclear targets (no such effect is observed in the pure isotensor pi+pi+ final-state
where the (strong) pipi interaction is repulsive), despite expected pion absorption
(which biases pion emission towards the nuclear surface, i.e., rather small densi-
ties). A similar softening in the pi−pi+ interaction in the heavy-ion environment,
where additional thermal occupation factors appear, could induce a substantial
soft-photon enhancement49. Another possibility are medium modifications of the
∆(1232) resonance54, which has a large radiative branching ratio.
Direct photon spectra as predicted for central Au-Au collisions at RHIC energy
are compiled in the left panel of Fig. 555. Thermal radiation from two different
approaches, i.e., hydrodynamic7,56 (solid line, for formation time τ0=0.18 fm/c)
and expanding fireball21 (long-dashed line, for formation time τ0=0.33 fm/c), is
in approximate agreement with each other (the 2 curves also include primordial
pQCD contributions). In both calculations QGP radiation dominates for transverse
momenta above qt ≃1 GeV. Whereas in the fireball expansion the QGP has been
assumed to be in chemical equilibrium, the hydrodynamic evolution incorporates
an undersaturation of gluons and especially quarks (which is motivated by the
predominance of low-x gluons in the wave function of the incoming nucleons, and
represented by initial fugacities λq,q¯,g<1, evolved in time) in both equation of state
and QGP emission rates7,56. Compared to the chemical equilibrium case, parton
undersaturation implies reduced emission rates, but also larger initial temperatures
if the initial entropy, which determines the number of produced particles, is fixed.
It turns out that, to a large extent, these two effects compensate each other7.
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Fig. 5. Left panel: compilation55 of direct photon yields for central Au-Au collisions at RHIC:
hydrodynamic56,7 (solid line) and fireball21 (long-dashed line) calculations of thermal radiation
including the yield from primordial pQCD photons57 (shown also separately by the short-dashed
line), as well as results from the first 3 fm/c of a parton cascade simulation39 (dash-dotted line);
right panel: direct photon data58 from central Au-Au at RHIC compared to next-to-leading order
pQCD predictions59 for primordial N-N collisions (scaled by the number of hard collisions).
The primordial pQCD contribution in Fig. 5 (left panel) is taken from a
parametrization57 of p-p data over a large range of center-of-mass energies, scaled
by the number of N -N collisions in central Au-Au, and without Cronin effect (ex-
pected to be rather small at RHIC). Comparison with the thermal contribution
indicates that the latter can compete up to qt≃5 GeV. The dash-dotted line in
Fig. 5 (left panel) represents an estimate of photon production from parton rescat-
tering and fragmentation within the first 3 fm/c of a parton cascade model39. The
resulting photon yield exceeds both thermal and primordial pQCD yields by up to
an order of magnitude for transverse momenta of around 4-5 GeV. In this regime,
the contribution from jet-γ conversions41 (not shown in Fig. 5) turns out to be
comparable in magnitude to the thermal+pQCD radiation.
In the right panel of Fig. 5 preliminary data from PHENIX58 are displayed as a
(double) ratio of measured photons over those expected from meson decays. Above
qt≃4 GeV, this ratio significantly exceeds one, being attributed to direct photons,
which are in good agreement with predictions for primordial pQCD photons59.
Currently there is not enough sensitivity to QGP radiation, but the large yields
obtained in the parton cascade are disfavored.
The prospects of identifying thermal photon radiation in future heavy-ion col-
lisions at the LHC (Pb-Pb at
√
s=5500AGeV) have been thoroughly assessed in a
recent CERN Yellow Report7. These studies suggest that the window in which ther-
mal photons exceed the pQCD production could extent up to almost qt=10GeV,
with larger maximal enhancement factors than at RHIC.
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4. High-Density Quark Matter
Besides high-energy heavy-ion collisions (and the early universe), the other sys-
tems in nature in which strongly interacting matter under extreme conditions is
likely to exist are compact stars. Contrary to the high-temperature medium formed
in URHICs, compact stars are characterized by high baryon densities at low tem-
peratures. Nevertheless, much like for URHICs, electroweak emission spectra play
an important role in inferring properties of the matter within the star. The main
focus is traditionally on neutrinos60, due to their substantially longer mean free
path as compared to photons. Renewed interest in the electroweak emission spec-
tra was generated when it was realized that color-superconducting quark matter
(CSC) may exist with values for the quark-pairing as large as ∆∼100 MeV61,62,
rendering them possibly relevant for phenomenological applications. Subsequently,
both neutrino63,64,65,66 and photon67,68 emissivities have been assessed for CSC.
Clearly, if CSC is limited to exist in the core of compact stars, pertinent photon
signals cannot be observed. The latter can therefore only be relevant for (hypothet-
ical) ”strange quark matter” stars, in which quark matter extents all the way to the
star’s surface. Even in this case, not much is known as to how the surface structure
impacts photon emission.
This not withstanding, thermal photon rates from the so-called color-flavor-
locked (CFL) phase69 of CSC were calculated in Refs. 67,68. In CFL matter, u, d
and s quarks of approximately equal Fermi momenta form Cooper pairs in a way
that breaks the original SU(3)C×SU(3)L×SU(3)R symmetry to a global SU(3)
one, implying (among other things) the emergence of 8 Goldstone bosons. The small
explicit breaking due to the finite current quark masses induces corresponding pion
masses mpi≈10 MeV (even smaller (larger) for (anti-) kaons). For temperatures
(well) below this scale, Goldstone boson excitations are exponentially suppressed
and photon emissivities are controlled by electromagnetic processes involving e±
and γ’s, provided an electrosphere forms at the star surface70,71 (this is, in fact,
not required for a pure CFL star, which is electrically neutral without the presence
of electrons). Here, we focus on situations where the strong-interaction degrees of
freedom are active, i.e., temperatures of order tens of MeV as characteristic for the
early evolution phases following a supernova explosion.
The photon selfenergy in CSC has been computed in Ref. 72 at zero temper-
ature and for asymptotic densities employing weak coupling techniques. The cor-
responding qq¯ one-loop selfenergy in the CFL phase has been extended to finite
temperatures and applied to photon emission rates using Eq. (1) in Ref. 67. For
temperatures T∼70 MeV and comparable baryon densities, the rates are quite sim-
ilar to extrapolations of hadronic many-body calculations23 (cf. Sect. 2.2).
In Ref. 68, the notion of Goldstone bosons in the CFL phase has been exploited
to formulate a HLS framework in the strong coupling regime. In addition, an in-
medium pion dispersion relation73, ω2 = m2pi + v
2
pip
2 with v2pi = 1/3, was accounted
for, leading to novel annihilation (and decay) processes of type pi+pi− ↔ γ (see also
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Fig. 6. Photon emission rates from CFL quark matter within a HLS approach (left panel), and
corresponding (integrated) emissivities vs. temperature68. The finite-T gap value has been as-
sumed to follow the BCS relation ∆(T )=∆0
√
1− (T/Tc)2 with Tc=0.57∆0.
Ref. 66). With a ρ-meson mass of ∼2∆74, and assuming VDM, the gauge coupling
was found to be g˜=gρpipi≃2, significantly smaller than its vacuum value of ∼6. The
rates and their integrated emissivities in Fig. 6 indicate that processes induced
by Goldstone bosons dominate over e+e− annihilation at temperatures as low as
5 MeV; even strong-interaction processes involving ρ mesons may become irrelevant
for temperatures T≃20 MeV, and thus for newborn compact stars. In particular,
the results for photon mean-free-path and emissivity imply that the photon flux
from a (hypothetical) hot CFL star saturates the black-body limit.
5. Conclusions
In recent years significant progress has been made in our attempts to address the
question: what is the electromagnetic blackbody spectrum of strong-interactionmat-
ter at given temperature and density? In the QGP phase, the role of soft t-channel
exchanges has been understood better, leading to a photon emission rate that con-
stitutes the full result to leading order in αs. In the hadronic phase, existing calcu-
lations could be refined and supplemented by additional processes towards a more
complete description. Clearly, in the vicinity of the expected (pseudo-) phase tran-
sition neither current partonic nor hadronic calculations are quantitatively reliable,
but the fact that they agree within, say, a factor of two over a large range of ener-
gies (over which the rate itself changes by several orders of magnitude), increases
the confidence in both calculations, and may eventually teach us something about
the phase transition itself. Fully nonperturbative results from (unquenched) QCD
lattice calculations are eagerly awaited. Moreover, phenomenological applications to
(ultra-) relativistic heavy-ion collisions compare favorably to existing data (except
the new low-momentum data from WA98), further corroborating the (approximate)
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validity of theoretical estimates. At the SPS, most approaches agree that tempera-
tures in excess of the critical one are required in the early phases of head-on Pb-Pb
collisions. This adds significantly to similar evidence gained from dilepton spectra.
At RHIC, the QGP signal is expected to become substantially stronger, but so
do prompt photon yields from initial hard collisions. Up to now, electromagnetic
signals from URHIC’s have never failed to generate excitement.
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